T he formation and maintenance of the fluid compartment at the apical (luminal) surface of epithelia are critical for the normal functions of numerous organ systems. Examples include the airway surface liquid (ASL) layer of the conducting airways, which is vital to mucociliary clearance, generation of the liquid vehicle for secretion of pancreatic digestive enzymes and their delivery to the intestinal lumen, and in the intestine, maintenance of an appropriate level of luminal fluidity for digestion. In terms of volume, intestinal secretion is the greatest, estimated at 8 L/d (Barrett and Keely 2000) . In cystic fibrosis (CF), the formation of luminal fluid, and often its composition, is impaired, and these deficits underlie the complex manifestations of organ pathophysiology that characterize this disease.
At the basis of these defects is CFTR, the apical membrane anion channel with the capacity for regulated secretion of Cl, HCO 3 , and smaller amounts of other anions. Chloride secretion establishes an electrical driving force (lumen-negative) for trans-epithelial sodium secretion via the paracellular pathways, and together, their movements into the luminal compartment generate the osmotic driving force for water flow that yields an isotonic secretory product. The net result of a missing or defective CFTR channel is therefore disruption of secreted fluid volume and composition, and in the systems mentioned, defects in airway clearance of mucins and bacteria, pancreatic insufficiency, and intestinal obstruction (for organ system details, see below and "Role of CFTR in the Secretion of Other Anions"). entry across the basolateral membrane is driven primarily via Na þ cotransport. Apical Cl 2 efflux is mediated by cAMP-and Ca 2þ -activated anion conductances. The scheme labeled "Recent additions" identifies the numerous transporters and channels proposed to mediate ion and fluid secretion in various epithelia. Accordingly, basolateral Cl 2 loading may occur via both NKCC1 and AE2. Cl 2 and HCO 3 2 exit involves apical CFTR, TMEM16A, and probably other Cl 2 channels/transporters, such as members of the SLC26A family (data not shown). (Legend continues on facing page.)
This article examines the basic, cellular events that underlie epithelial anion and fluid secretion, including the component transport processes and their regulation. Newer findings linking other transport and channel functions to the activity or trafficking of CFTR will determine the tissue-specific secretory phenotype and how these physiological properties are altered in CF disease.
BASIC TRANSPORT COMPONENTS OF ANION SECRETION
Marine biology has made significant contributions to the study of epithelial ion transport. Key among them is a series of experiments performed in the late 1930s by the Danish physiologist and Nobel Laureate August Krogh, using the skin and gills of freshwater animals. This work led Krogh to the conclusion that metabolic energy was required to maintain the ionic gradients between the organism and its external environment that permit specialization, and he and his collaborators introduced the use of radioisotopes to define the underlying transport events. His student Hans Ussing combined isotopic ion fluxes and biophysical approaches to form our basic knowledge of epithelial polarity, active and passive transport, the paracellular pathway, and the origins of epithelial "bioelectric potentials" (Larsen 2002) . Once Jens Christian Skou identified the Na,K-ATPase and linked it to cation transport (Skou 1998) , the ensuing decades firmly established the central role of this active transport process as the energy source for the secondary active transport of many nutrients and ions. Ultimately, these principles were applied in the context of active anion secretion, leading to the classical cellular model, its basic principles being applicable to many secretory epithelia (Fig. 1) .
Active Cl secretion and second-messenger pathways converged when the dramatic fluid secretion evoked by intestinal infection with Vibrio cholerae was linked with an active Cl secretory process, modeled in studies of rabbit intestine mounted in Ussing chambers and stimulated by cAMP or agents that increase its cellular levels (Kimberg et al. 1971) . The basic transport principles were enumerated (Frizzell et al. 1979) , and over the next decade, their molecular identities were established (see Fig.  1 ). A rise in cellular cAMP, which can be elicited by numerous primary agonists, evokes anion secretion by stimulating three basic transport processes: the apical anion channel CFTR, basolateral K channels of at least two types, and the basolateral Na-coupled Cl entry process, NKCC1 (Na/K/2Cl cotransporter 1).
Transport at the Apical Membrane

Apical CFTR
This section reviews the many facets of CFTR structure, function, and regulation. As noted, CFTR is in the large family of ATP-binding cassette (ABC) proteins, whose members are composed of two membrane-spanning domains (MSD1 and 2) and two nucleotide-binding domains (NBD1 and 2) arranged in series in the primary structure (Riordan et al. 1989) . Uniquely, CFTR contains a central R (regulatory) region, which contains nine strong consensus sequences for phosphorylation by protein kinase A (PKA) and additional sites of phosphorylation by other kinases (e.g., PKC, AMPK). Another significant 2 entry during cAMP stimulation maintains intracellular pH and generates electrogenic trans-epithelial HCO 3 2 secretion. NHE1 maintains intracellular pH during stimulation by Ca 2þ secretagogues when cells are hyperpolarized and net Cl 2 secretion is favored. There is evidence for apical H þ secretion mediated by vacuolar proton pumps, H þ /K þ -ATPase, and also apical K channels, which contribute to apical hyperpolarization and thus enhance the driving force for anion secretion. Most trans-epithelial Na þ flux occurs passively through the paracellular pathway driven by the lumen-negative voltage arising from electrogenic anion secretion. In both schemes, regulated apical anion conductance is rate-limiting at low/ medium levels of anion secretion, but basolateral K conductance becomes increasingly limiting at higher secretory rates, explaining the additive nature of secretagogues that operate via different second-messenger pathways.
PKA phosphorylation site in the regulatory insertion of NBD1 is discussed below. As a primary event in secretion, protein kinase A (PKA) phosphorylates the R region, which then enables channel gating (opening and closing). Gating and Cl secretion are elicited by the binding and hydrolysis of ATP at the NBDs (see below for details). As discussed below, CFTR is not the sole pathway for apical Cl exit, but it is the predominant pathway for secretion in response to agonists that act via cAMP/PKA-dependent phosphorylation. In addition, CFTR exhibits a significant conductance to bicarbonate, which is reviewed below in "Anion Secretion by Alternate Apical Pathways."
Requirements at the Basolateral Membrane
Na/K Pump
The basolateral membrane Na/K pump (ATPase) is the primary, energy-using process that establishes the electrochemical gradients for secondary active anion secretion. It transports three Na ions out of the cell in exchange for two K ions pumped into the cell, with the energetic revenue derived from the conversion of one ATP to ADP (Skou 1998) . Because the pump is itself electrogenic, it contributes to the inside-negative basolateral membrane potential, the magnitude of its contribution dependent on the parallel electrical resistance. The primary determinant of the membrane voltage, however, is the leakage of potassium out of the cell via a collection of basolateral (and apical in some cell types) K channels, which are primarily responsible for determining the membrane potential (see further discussion below). In most cells, the pump is a major consumer of metabolic energy, but in epithelia, it may account for twothirds of the cell's energy expenditure. Airway cells in cystic fibrosis are reported to consume oxygen at a rate two to three times that observed in non-CF tissues, and they express more binding sites for ouabain (Stutts et al. 1986) , findings that reflect the higher rate of pump expression and turnover due to enhanced Na absorption across CF airway epithelia ("Anion Secretion by Alternate Apical Pathways"). Nevertheless, recent findings in an animal model of CF have challenged this view (Chen et al. 2010 ).
Basolateral K Channels
An increase in basolateral K conductance is necessary to recycle K brought into the cell by the Na/K pump and to maintain an electrical driving force for anion exit across the apical membrane. Owing to the large increase in Cl conductance associated with the activation of CFTR, or other apical anion channels, the apical membrane voltage approaches the Cl equilibrium potential. But in response to second-messenger pathways, basolateral K channels are also activated, to coordinate membrane repolarization with the activation of apical Cl conductance and permit the membrane potentials to repolarize toward the K equilibrium potential, establishing the electrical driving force for Cl exit across the apical membrane.
Activation of apical CFTR-mediated anion secretion by cAMP/PKA is paralleled by PKA phosphorylation and activation of a basolateral membrane K channel, KCNQ1 (aka LQT1). The requirement for basolateral K conductance activation is evidenced by the impact of blocking these pathways with the generalized K channel blocker barium. Barium inhibits anion secretion by depolarizing the membrane potentials toward electrochemical equilibrium for Cl at the apical membrane and thereby blocking Cl secretion (Smith and Frizzell 1984; Welsh and McCann 1985) . In many epithelia, the basolateral K conductance is composed of at least two K channel types. KCNQ1 is activated primarily during cAMP/PKA-induced secretion, its single channel conductance is low ( 3 pS), and it is inhibited selectively by the chromanol 293B and by HMR-1556 (Gerlach et al. 2001; Kunzelmann et al. 2001) . The contribution of KCNQ1 to the total K conductance varies with secretory agonist type and is tissue/cell-type dependent (Liao et al. 2005) .
On the other hand, secretion stimulated by a cellular Ca rise primarily activates the intermediate conductance, Ca-activated channel KCNN4 (Devor and Frizzell 1998; Kunzelmann et al. 2001) . Nevertheless, it is difficult to generalize, R.A. Frizzell and J.W. Hanrahan because multiple channel isoforms and b subunits may be expressed in different cell types, and these can assemble as homo-or heterodimers with somewhat different properties. Two-pore K channels have also been found in intestinal secretory cells. These channels may also target to the apical membrane to mediate K secretion in some epithelia (e.g., airway) (Heitzmann and Warth 2008) . It is interesting that a splice variant of the calcium-activated, intermediate conductance K channel KCNN4, which is usually considered basolateral, has also been shown at the apical membrane in colon, where it mediates K secretion and contributes to the driving force for Cl 2 secretion (Joineret al. 2003; Nanda Kumaret al. 2010 ). This may be a more general phenomenon than previously thought, because most epithelial secretions have elevated [K] compared with plasma (typically twofold to fourfold) and may also involve several members of the KCNQ channel family (Namkung et al. 2009 ).
Basolateral NKCC1
Chloride entry across the basolateral membranes of secretory epithelia is mediated primarily by this Na/K/2Cl cotransporter isoform. The driving force for cellular Cl entry and accumulation is supplied primarily by the inward chemical gradient of Na established by the pump; the basolateral membrane potential does not influence this electrically neutral process. Ultimately, the rate of basolateral Cl entry via NKCC1 determines the overall rate of Cl secretion, which requires coordination of transport events at the limiting membranes to maintain the steady state. The timing of NKCC1 activation generally follows that of CFTR and the K channels, resulting in some loss of cellular Cl and K and a resulting decrease in cell volume. This is a key feature of NKCC1 regulation, because reduced cell Cl concentration and volume trigger the activation of the WNK kinase (McCormick and Ellison 2011), which phosphorylates the SPAK (surface presentation of antigens protein) and OSR1 (oxidative stress responsive 1) kinases, which, in turn, phosphorylate the cotransporter amino terminus to activate its turnover (Mercier-Zuber and O'Shaughnessy 2011). NKCC1 was the first recognized binding partner of SPAK and OSR1. Phosphorylation of NKCC1 at three threonines (lying within amino acids 203 -212) gives rise to the stimulation of NKCC1 turnover, and mutations at these sites reduce its response to low Cl or hyperosmotic-induced cell shrinkage (Richardson et al. 2008) . The role of SPAK in this signaling cascade has been confirmed in knockout or knockin mice in which the expression of SPAK-bearing mutations at critical threonine residues blocks the ability of WNKs to activate NKCC1. It was also of interest that the expression level of NKCC1 was reduced in mice expressing mutant SPAK, suggesting that this kinase controls both the activity and the expression level of NKCC1. A current critical question in the field is the mechanism by which WNKs are activated by low Cl and cell shrinkage. An interaction with the cytoskeleton or cell adhesion molecules could perhaps serve as a transducer of its activity.
Basolateral Anion Exchange (AE)
Although early studies pointed to a mechanism in which secretion involved Na þ -coupled Cl 2 entry at the basolateral membrane, a large fraction of the Cl and fluid secretion by salivary glands and other epithelia was found to be insensitive to the NKCC1 inhibitor bumetanide but was sensitive to inhibitors of carbonic anhydrase (acetazolamide and ethoxolamide) and to amiloride and dimethyl amiloride. In salivary glands (see Fig. 1 ), this component of secretion was attributed to the parallel operation of basolateral Cl/HCO 3 and Na/H exchangers (Novak and Young 1986; Pirani et al. 1987) . Carbonic anhydrase was proposed to catalyze cellular HCO 3 synthesis, and because CO 2 hydration would generate carbonic acid and acidload the cell, H extrusion, for example, by amiloride-sensitive Na/H exchange, was proposed to maintain intracellular pH and thus transepithelial Cl secretion. Basolateral Cl uptake by anion exchangers has been suggested in various epithelia including equine trachea (Tessier et al. 1990 ) and the Calu-3 cell line (Cuthbert et al. 2003; Krouse et al. 2004; Shan et al. 2011 ).
The molecular basis of the basolateral Cl 2 entry process may be the Na-independent anion exchanger AE2 (SLC4A2), particularly in acidsecreting cells that must cope with an intracellular alkaline load. AE2 is expressed at high levels in parietal cells of the gastric epithelium, and null mice display a dramatic gastric epithelial phenotype with abnormal canaliculae and reduced HCl secretion (Gawenis et al. 2004 ). Other Cl-secreting epithelia are also affected, notably the proximal colon (Gawenis et al. 2010) ; the role of AE2 has been difficult to establish in most tissues because it is electrically silent, there are no specific inhibitors available, and AE2-null mice die soon after birth. AE2 is expressed in the basolateral membrane of Calu-3 cells (Loffing et al. 2000) , and recent studies of a stable, AE2-deficient Calu-3 cell line under open-circuit conditions revealed that AE2 mediates most basolateral anion exchange ) and accounts for up to 70% of the net Cl 2 flux during cAMPstimulated fluid secretion .
Essential Role of the Paracellular Pathway and Membrane Coupling
Secretory epithelia are polarized sheets of cells that require distinct sets of apical and basolateral membrane transporters to perform vectorial transport. Nevertheless, the apical and basolateral membranes are functionally coupled by the paracellular pathway, and this shunt for ions and fluid is essential in secretory epithelia, most of which are of moderate leakiness (intermediate conductance). Early evidence for its involvement in salivary gland secretion was provided by Lundberg (1957) , although definitive demonstration of the paracellular shunt in epithelia did not come until much later (Frömter and Diamond 1972) . The paracellular shunt facilitates secretion by causing hyperpolarization of the apical membrane away from the Cl 2 equilibrium potential (E Cl ) during stimulation of apical Cl 2 channels. According to the simplest equivalent circuit model for epithelia (Fig. 2) :
In Equation 1, V a is the apical membrane potential; R a , R b , and R s are the electrical resistances of the apical, basolateral, and shunt (paracellular) pathways, respectively; and E a and E b are the electromotive forces at the apical and basolateral membranes. The activation of large numbers of apical CaCC and CFTR Cl 2 channels by secretagogues dramatically reduces apical membrane resistance. As R a (and thus E b R a ) falls, the ratio (R b þ R s )/(R a þ R b þ R s ) approaches 1 if R s is high, and the apical membrane potential V a approximates E a , as in tight epithelia. Essentially, the high Cl 2 conductance during stimulated secretion would clamp V a at E Cl (¼E a ) if R s were high, thereby eliminating the favorable driving force for Cl exit and secretion. However, when there is a large paracellular shunt and R s is low compared with R b , as in moderately leaky secretory epithelia, then V a is influenced by the loop current, which flows through basolateral K þ channels and the shunt pathway, driven by E K at the basolateral membrane. When this current flows through the apical membrane (E b R a ), it causes hyperpolarization and promotes Cl Figure 2 . Simplest equivalent circuit that can describe ionic currents across epithelia. Net electromotive forces (EMFs) that result from ion concentration gradients across the apical membrane (E a ), basolateral membrane (E b ), and paracellular "shunt" pathway (E s ) are shown as batteries. Membrane conductances that mediate electrogenic (non-neutral) ion flows driven by those EMFs are depicted as resistors.
secretion through an increase in net driving force (V a 2E Cl ) (Welsh et al. 1983; Willumsen et al. 1989) . It is also obvious from Equation 1 that secretion is inefficient when Ca 2þ and cAMP stimulate only apical channels, because the impact of the basolateral membrane and its driving force diminishes as apical channels become activated (i.e., when R a and therefore E b R a decrease). Therefore, it is not surprising that in most epithelia, activation of basolateral Ca-and/or cAMP-activated K channels (e.g., KCNN4 and KCNQ1/KCNE) by secretagogues is coordinated with that of apical Cl channels. In summary, secretory epithelia need to be somewhat leaky because the paracellular shunt pathway functionally couples the apical and basolateral membranes and maintains the apical driving force for Cl secretion. Indeed, an increase in the shunt can lead to excessive secretion as in the intestine, where a marked increase in paracellular permeability leads to secretion during T-cell-mediated diarrhea (Clayburgh et al. 2005) .
ANION SECRETION BY ALTERNATE APICAL PATHWAYS
Calcium-Activated Chloride Channels
Calcium-activated Cl conductance (CaCC) is a major pathway for Cl transport in nearly all cells, but it was first characterized in detail in a secretory epithelium (Marty et al. 1984) . It is activated when intracellular Ca is elevated to micromolar concentrations, and also by membrane depolarization at low cell [Ca] , although it becomes almost voltage independent at high [Ca] . The single channel conductance estimated by noise analysis is 1 -2 pS, and the channels have a "weak field strength" selectivity sequence (Eisenman 1962; Wright and Diamond 1977; Evans and Marty 1986 ). Ca-activated Cl 2 conductance was proposed to be the main apical Cl pathway during muscarinic stimulation of lacrimal glands (Marty et al. 1984) , but this pathway has been identified in virtually all gland epithelial cells, where it is stimulated by a wide range of Ca-mobilizing agonists.
The search for the channel protein that mediates CaCC has uncovered many interesting candidates during the past 25 years. One of the early possibilities, human CLCA1, now appears to be a secreted protein rather than a Cl channel (Gibson et al. 2005) , although it is nevertheless reported to modulate the conductance of endogenous Ca-activated Cl 2 channels (Hamann et al. 2009 ). The putative high-conductance Caactivated Cl channel tweety (hTTYH3) remains a candidate channel, although little is known regarding its physiological role (Suzuki and Mizuno 2004) . A member of the ClC family, ClC3, has also been proposed to mediate CaCC but is predominantly intracellular and may function as a Cl/H exchanger. Human bestrophin 1, which is mutated in a juvenile form of macular degeneration called Best vitelliform macular dystrophy ("Best disease"), forms Cland HCO 3 -permeable channels in the plasma membrane, but they have a biophysical signature that is distinct from that of epithelial CaCC (Hartzell et al. 2008) .
The most compelling candidate to mediate CaCC is TMEM16A, which was identified almost simultaneously by three independent groups using different approaches: expression cloning (Schroeder et al. 2008) , bioinformatics , and differential gene expression (Caputo et al. 2008) . The channel has also been named "Anoctamin-1" because it is predicted to have eight transmembrane segments. The anion selectivity and pharmacology of TMEM16A are consistent with those of CaCC, and it is expressed in exocrine glands and, indeed, all epithelia that exhibit CaCC currents, including airways and renal tubules. Silencing its expression in cell cultures and tissues reduces CaCC activity , and knockout mice are deficient in CaCC activity in salivary glands and other tissues (Ousingsawat et al. 2009; Ferrera et al. 2010; Romanenko et al. 2010) . Nevertheless, other channels may contribute to CaCC in airway and intestinal epithelia because basal secretion and up to 40% of the UTP-stimulated CaCC activity persists in TMEM16A knockout mice ), and only a transiently activated CaCC current appears sensitive to RNAi knockdown and pharmacological inhibitors of TMEM16A (Namkung et al. 2011) . Other CaCC channels might be expected under control conditions, because TMEM16A is normally expressed at low levels and strongly induced by proinflammatory cytokines (Caputo et al. 2008) . This also raises the exciting prospect that more CaCCs remain to be discovered.
SLC26A Transporters and Channels
The contribution of the SLC26A family of anion transporters to HCO 3 secretion in several epithelia was established with the recognition that congenital chloride-losing diarrhea (CLD) was linked to mutations in the Cl/HCO 3 exchanger encoded by SLC26A3 (Hoglund et al. 1996) . CLD patients exhibit diarrhea characterized by high Cl concentrations and metabolic alkalosis suggestive of defective Cl/HCO 3 exchange, and mice lacking Scl26a3 recapitulate this phenotype (Schweinfest et al. 2006) . Some CLD-causing mutations lead to misfolding of the transporter and disrupt its apical trafficking (Dorwart et al. 2008a) . Ten members of this family have been separated into three groups, based on their transport properties (Dorwart et al. 2008b) . Group 1 contains the sulfate transporters A1 and A2; Group 2 the Cl/HCO 3 exchangers A3, A4, and A6; and Group 3, represented by A7 and A9, exhibits anion channel behavior. SLC26A5 is expressed in outer hair cells of the cochlea, and A8 is present in male germ cells. Many SCL26 transporter members have been associated with human diseases (Mount and Romero 2004) .
In regard to epithelial HCO 3 secretion, differences in anion transport stoichiometry among Group 2 family members have been proposed to account for the ability of the pancreatic duct epithelium to generate a final NaHCO 3 concentration that is isotonic to the plasma. Specifically, A6, with a stoichiometry of 1Cl/ 2HCO 3 , appears to be required for the generation of high luminal HCO 3 concentrations as Cl concentrations fall along the pancreatic duct (Ko et al. 2004; Steward et al. 2005) . Mice lacking Slc26a6 show impaired pancreatic duct and intestinal Cl/HCO3 exchange and impaired pancreatic fluid secretion Ishiguro et al. 2007; Seidler et al. 2008 ). SLC26A6 may be responsible for generating other HCO 3 -rich secretory products, as observed in the salivary gland (Shcheynikov et al. 2008) . The ability of intestinal A6 to transport oxalate is likely involved in protecting against renal stone formation (Aronson 2010) .
The Group 3 anion channels include SLC26A7, which is reported to be relatively selective for Cl and to conduct Cl in a pH-dependent manner (Kim et al. 2005) . However, other transport modes involving coupled HCO 3 exchange have also been proposed (Petrovic et al. 2003 (Petrovic et al. , 2004 Kim et al. 2005) . A7 has been found in the basolateral membranes of gastric parietal cells, where it may contribute to Cl entry from the interstitium; it is found in several renal nephron segments. A7 may be located at the apical or basolateral membranes in various epithelia, and the factors that determine its targeting are not known. SLC26A9 is reported to lie at the apical membranes of ciliated airway epithelial cells and alveolar cells, and it is present also in the gastric mucosa (Xu et al. 2008) . In primary cultures of human bronchial epithelium (HBE), SLC26A9 appears to account for the basal secretory current that remains after amiloride inhibition of Na absorption, and it contributes also to anion secretion in response to cAMP/PKA-mediated stimulation (Bertrand et al. 2009 ). Interestingly, A9 currents were inhibited by the CFTR blocker GlyH-101, but they showed less voltage-dependent block than CFTR, allowing these current components to be distinguished. As observed for other SLC26 transporters, the cAMP/PKA-stimulated currents observed during coexpression of A9 with CFTR exceeded those observed for either channel alone, indicative of a mutual stimulatory interaction (see below). Interestingly, A9 currents were absent from HBE or HEK cells expressing DF508 CFTR, which may be consistent with the strong interaction between A9 and CFTR found in coimmunoprecipitation experiments.
Of great interest for the CF field is the regulation of SLC26A-mediated transport, because several members of this family have been linked functionally to the activation of CFTR (Ko et al. 2004; Dorwart et al. 2008b) . As with CFTR, several SLC26A family members possess PDZ-domain-interacting motifs at their carboxyl termini. This motif allows them to associate with CFTR via scaffolding proteins such as NHERF 1 and 2 and CAP70 in macromolecular complexes that are likely to include cytoskeleton-interacting proteins (e.g., ezrin) (Short et al. 1998 ) and links to regulatory proteins such as PKA (Sun et al. 2000a,b) . The intriguing studies of Ko et al. (2004) suggest that mutual stimulatory interactions between SLC26A3, A6, and CFTR involve regulated association between subdomains of these proteins, the R region of CFTR, and the carboxy-terminal STAS domain of A6, allowing their stimulatory reciprocity to be enhanced by PKA phosphorylation of the R region of CFTR (Ko et al. 2004 ). The interaction between STAS and the R region could influence CFTR gating by altering the dynamic interaction of the R region with NBD subdomains, identified by NMR (Baker et al. 2007; Kanelis et al. 2010 ). Thus, interactions between CFTR and different SLC26 transporters in different epithelia might explain how PKA-induced stimulation of CFTR can give rise to tissue-specific secretory products, as well as the diverse transport phenotypes observed when CFTR is absent or impaired in CF.
ROLE OF CFTR IN THE SECRETION OF OTHER ANIONS
Another important aspect of the physiology of anion secretion mediated by CFTR concerns the lack of strict anion selectivity that CFTR and other anion channels display, contrasting with their highly selective cation channel counterparts. In recent years, it has been recognized that two physiologically significant anions also permeate the CFTR channel-glutathione and thiocyanate.
Glutathione CFTR is permeable to glutathione, and other ABC transporters have been shown also to transport glutathione (GSH), a major antioxidant that is present in cells at millimolar concentrations (Linsdell et al. 1997) . GSH was 55% lower in airway surface liquid of CFTR-deficient cultures. The presence of airway bacteria has been shown to generate increases in airway surface liquid GSH, and in CFTR knockout mice, failure to secrete GSH has been linked to airway inflammation and oxidative stress (Day et al. 2004 ). Accordingly, in CF, deficient glutathione transport via CFTR has the potential to influence the redox state of both the luminal and cellularcompartments of epithelial cells and lead to oxidative stress. These disturbances to the redox balance can evoke inflammatory signaling pathways and could be linked to apoptosis (Rahman and MacNee 1998; Haddad 2002; Rottner et al. 2009 ). Thus, altered glutathione levels can contribute to NF-kB activation and to the inflammation evoked by bacterial colonization.
Thiocyanate
Airway epithelia secrete thiocyanate anion (SCN) via CFTR, as a precursor for the production of the potent antibacterial compound hypothiocyanate anion (OSCN) (Conner et al. 2007 ). Early studies of CFTR's anion selectivity showed that SCN permeability exceeded that to Cl on a molar basis (Linsdell et al. 1997) . Airway cells generate OSCN from H 2 O 2 using membranetethered dual oxidases (Duox1 and 2), and H 2 O 2 is metabolized by secreted lactoperoxidase to oxidize secreted SCN to the OSCN anion. SCN reaches concentrations of 0.5 mM in the ASL, which is at least 30 times its concentration in the serum. In vitro studies have implicated the Na-dependent iodide cotransporter, which is highly expressed in thyroid gland cells, in the accumulation of SCN across the basolateral membranes of airway cells for subsequent exit through CFTR. Accordingly, in CF, the loss of SCN transport would impair OSCN-dependent bacterial killing and contribute to bacterial colonization and disease pathogenesis.
It is interesting that therapy with hypertonic saline in CF (Elkins et al. 2006) , which is thought to improve the hydration of the airway surface, has been reported to produce improvements in ASL levels of both SCN and GSH. Nebulization of hypertonic saline in mice increased ASL SCN and GSH, and these increases were smaller in CFTR knockout animals (Gould et al. 2010) . Fluid secretion by airway submucosal gland acinar cells is driven by active Cl 2 transport, whereas HCO 3 2 net flux drives fluid transport across other epithelia, such as pancreatic ducts and regions of the GI tract (e.g., duodenum). The well-studied model human airway cell line Calu-3 does not transport Cl 2 actively at detectable rates under short-circuit conditions (Devor et al. 1999) ; nevertheless, recent studies indicate that a small net Cl 2 flux generates the osmotic driving force for fluid transport by Calu-3 cells under thin film conditions ). This Cl 2 transport requires basolateral anion exchange, and a similar mechanism may occur in salivary and airway glands and other tissues where a large component of the fluid secretion is insensitive to bumetanide. This HCO 3 2 -dependent Cl 2 transport contrasts with the duodenum and especially the pancreatic duct, where fluid secretion is driven by HCO 3 2 itself, and as discussed above, the luminal NaHCO 3 in the secretions reaches very high concentrations, for example, 140 mM (Steward et al. 2005) . Water follows the net transport of solutes through both paracellular and trans-cellular pathways in secretory epithelia. In human airways, the transcellular pathway consists of apical AQP5 and predominantly basolateral AQP3 and AQP4 water channels (Kreda et al. 2001) . Interestingly, the infection of mouse airways with adenovirus leads to reduced expression of AQP1 and AQP3 in endothelial and epithelial cells, respectively, which may contribute to pulmonary edema (Towne et al. 2000) .
REGULATION Evidence for Local Activation by cAMP/PKA
CFTR is hypothesized to be part of a signaling complex that includes scaffolds, adaptors, and many regulatory enzymes (kinases, phosphatases, cyclases, phosphodiesterases, cAMP exporters, etc.). Interactions with these proteins enables CFTR channel regulation to be spatially and temporally restricted (Huang et al. 2001) . PKA is localized near CFTR by an A-kinase anchoring protein (AKAP) (Gray et al. 2000) , probably ezrin, because it coimmunoprecipitates with CFTR, binds to a regulatory subunit of PKA, and is expressed at the apical membranes of Calu-3 and T84 cells (Sun et al. 2000b) . CFTR channels can be activated by adding cAMP to excised membrane patches; therefore, the entire PKA holoenzyme must be tethered (Huang et al. 2000) . This was also shown biochemically by coimmunoprecipitation of the catalytic and regulatory subunits of PKA with CFTR (Sun et al. 2000a,b) and by showing that endogenous PKA activity in the immunoprecipitates was sensitive to a peptide that disrupts AKAP interactions. Recent studies have shown that phosphodiesterase type 3A (PDE3A) is linked functionally to CFTR activation and that its inhibition produces a localized increase in cAMP, which also enhances the physical interaction of PDE3A with CFTR and augments CFTR activity (Penmatsa et al. 2010 ). This interaction depended on the cytoskeleton, and its disruption blocked compartmentalized cAMP signaling. PKC-1 and Src are also tethered in the putative CFTR complex by a protein called RACK1 (regulator of activated C kinase) (Yarwood et al. 1999; Chang et al. 2001) .
Local Activation by cGMP/PKG
In intestinal epithelium, the cGMP-dependent kinase, type II (French et al. 1995) , regulates CFTR activity independent of PKA and in response to luminal peptide hormones, the guanylins, and the diarrhea-producing, heat-stable enterotoxin, as shown by inhibitor and gene knockout studies (Vaandrager et al. 1998 ). The type II PKG is amino-terminally myristolated (Vaandrager et al. 1996) and is attached through this lipid anchor to the apical membranes of intestinal epithelial cells, where it is in a privileged position to elicit CFTR phosphorylation. Indeed, the kinase and CFTR coimmunoprecipitate. The association of PDE3A with CFTR, noted above, has implications not only for cAMP/PKA signaling but also for localized cGMP/PKG signaling. Because type 3A PDE degrades both cAMP and cGMP, increases in cGMP will block its degradation of cAMP and permit PKA-dependent CFTR activation in addition to that produced by the cGMP kinase.
Inactivation of CFTR
CFTR is deactivated by association with the phosphatases PP2C and PP2A (Zhu et al. 1999; Thelin et al. 2005) . The cAMP signal is kept local and transient by the action of phosphodiesterase PDE4D, which interacts with both NHERF1 (see below) and RACK1 (Barnes et al. 2005 ). In the intestine, cAMP is also regulated locally by MRP4, a cAMP exporter that associates with CFTR (Li et al. 2007a ). CFTR activity is downregulated during metabolic stress by the a1 and a2 catalytic subunits of AMP-activated protein kinase (AMPK), which binds to CFTR at its carboxyl terminus (Hallows et al. 2000) . AMPK inhibits CFTR by phosphorylating an inhibitory site at position 768 within the R domain of CFTR. CFTR is also inhibited by binding of the t-SNARE syntaxin 1A, which disrupts the association of the amino terminus with the R domain . MUNC18 relieves this inhibition by binding to syntaxin 1A (Naren and Kirk 2000) , although there is evidence that syntaxin 1A also inhibits CFTR trafficking to the membrane (Peters et al. 1999) . The b-adrenergic receptor forms a macromolecular complex with CFTR in airway epithelial cells (Naren et al. 2003) , and similar results have been obtained in mouse intestine (U Seidler, pers. comm.).
PDZ and WD-Domain Proteins Hold Things Together
At least two types of scaffold proteins have been identified that may help assemble CFTR regulatory complexes-PDZ domain proteins and WD-domain proteins. PDZ ( postsynaptic density 95, Discs large, ZO-1) domain proteins bind to the carboxyl terminus of CFTR and help to stabilize it at the plasma membrane. Mutating threonine or leucine in the 1477 DTRL motif inhibits PDZ binding and leads to partial redistribution of CFTR from the apical to the lateral plasma membrane (Short et al. 1998; Wang et al. 1998) . However, removing the carboxyl terminus does not completely eliminate CFTR binding to PDZ domains because of the presence of an internal six-aminoacid binding site upstream in the carboxyl terminus of CFTR (LaRusch 2007). Sodium hydrogen exchange regulatory factor (NHERF1) is one such PDZ-domain protein that binds CFTR. It has two PDZ domains that can both bind CFTR with different affinities (see below). The carboxyl terminus of NHERF1 acts as a switch that enables PDZ2 to bind CFTR when the carboxyl terminus is phosphorylated by PKC or interacts with ezrin (Li et al. 2007b ). PDZ2 also binds YAP65, which recruits the Src family tyrosine kinase p62 c-yes to the apical membrane (Mohler et al. 1999) , although the functional role of this interaction is not yet known.
A related PDZ-domain protein, NHERF2 (also called E3KARP), is expressed at the apical membrane of epithelia and can be immunoprecipitated with CFTR (Sun et al. 2000) , as can CAP70 (NHERF3), a protein with four PDZ domains that was identified by affinity purification using the C-tail of CFTR (Wang et al. 2000) . Adding CAP70 increases CFTR channel activity at low concentrations and decreases it at high concentrations, and similar results have been reported with fragments of NHERF1 (Raghuram et al. 2001) . Another PDZ-domain protein that forms complexes with CFTR is CAL (CFTR-associated ligand), which has a single PDZ domain and two coiled-coil domains. CAL interacts with CFTR in the trans-Golgi network (TGN) and inhibits its surface expression (Cheng et al. 2010) . The PDZ-domain protein Shank2E binds to the carboxyl terminus of CFTR and functions as a negative regulator. It has ankyrin repeats and is concentrated in actin complexes at the apical membrane of epithelial cells (McWilliams et al. 2008) , where it may recruit the cyclic nucleotide phosphodiesterase PDE4D ) and phospholipase C-b3.
The best studied WD domain protein is RACK1 (receptor for activated C kinase). It has a b-propeller structure and sequence homology with the b subunit of heterotrimeric G-proteins, an ancient family of regulatory proteins with repeating units that usually end with TrpAsp (WD). Based mainly on coimmunoprecipitation results, RACK1 can interact with NHERF1 (Liedtke and Wang 2006) , PKC-1 (Liedtke et al. 2002) , PDE4D, and Src (Chang et al. 2001; Cox et al. 2003) .
It has been proposed that positive regulators such as NHERF1 and negative regulators such as CAL and Shank2 compete for CFTR (Kim et al. 2004) . The CFTR affinities of NHERF1 (K d ¼ 200 and 1000 nM) and NHERF2 (K d ¼ 323 and 232 nM) are much higher than that of CAL (K d . 600 mM), which may explain why CFTR normally trafficks toward the plasma membrane rather than to the lysosome (Cushing et al. 2008) . Finally, there is evidence for the interaction of CFTR with the actin cytoskeleton (Cantiello 2001) , and the amino terminus of CFTR can also associate with the actin cytoskeleton through filamin (Thelin et al. 2007 ).
Cross Talk between Signaling Pathways
Although the apparent stimulation of CFTR by Ca-mobilizing agonists and synergistic regulation by signaling pathways has caused confusion, it is now clear that many observations can be explained by localized signaling domains near the plasma membrane and overlap between cAMP and Ca signaling. For example, ATP-induced Ca release from stores enhances store-operated Ca entry, and the subsequent local activation of Ca-stimulated adenylyl cyclase 1 or 8 and elevation of cAMP (Martin et al. 2009; Namkung et al. 2010) . Even without triggering influx of extracellular Ca, release from stores can elevate cAMP through a store-operated cAMP signaling mechanism in which STIM1 activates adenylyl cyclases (Lefkimmiatis et al. 2009 ). These pathways also intersect at the level of Ca stores, where cAMP enhances IP3 receptor activation, thereby contributing to synergistic regulation of secretion by these two second messengers (Lee and Foskett 2010) .
CF AFFECTS EPITHELIUM-SPECIFIC ANION SECRETORY FUNCTIONS
The impact of CFTR-mediated anion secretion in different organ systems is often modified or augmented by transporters/channels that lie in parallel with CFTR at the apical membrane, as discussed above. These pathways may either support its secretory function by adding to CFTR-mediated anion secretion or altering secretory composition (see alternate anion pathways, above), or they may oppose or balance net salt and water transport using an oppositely directed transport process, for example, Na absorption across airway epithelia. Organ-specific functions also arise from modification of the primary secretory product of exocrine gland acini by downstream, ductal transport events to provide a secretory product of volume and composition appropriate to the physiology of that tissue/organ. More detailed treatments of the functions of specific organ systems can be found in other chapters in this collection.
To generalize, CFTR-mediated anion secretion in some organs maintains the volume (and liquidity) of the luminal compartment and its contents, for example, airway, intestines. In the exocrine organs, for example, pancreas and salivary gland, CFTR-dependent anion secretion provides the vehicle for clearing secreted products like macromolecules to another location. It would be argued that anion secretion serves both functions in the surface and submucosal gland epithelia that line the airway. In contrast to these organs, the sweat gland is spared from similar pathologic consequences in CF, presumably because the secretory coil in humans is controlled primarily by CFTR-independent, cholinergic pathways and Ca-dependent channels.
Airway Epithelia
Anion secretion in the airways contributes to the formation and maintenance of a thin layer of liquid, the airway surface liquid (ASL), which consists of a lower-viscosity periciliary liquid (PCL) layer (referred to as "sol") adjacent to the apical membrane, in which the cilia beat, and a higher-viscosity gel layer where secreted mucins trap inhaled microorganisms and debris. Airway anion secretion is critically important in maintaining the volume and composition of the PCL. Opposing Na absorptive (ENaC) and Cl secretory (CFTR and CACC) transport processes are important in determining the depth of the PCL on which the efficiency of mucociliary clearance depends (see Fig. 3 ) (Matsui et al. 1998; Tarran 2004) . Anion secretory processes are expressed in the ciliated surface airway epithelium, but a significant volume of liquid (and defense molecules) is generated also by the submucosal glands present in the more proximal airway. In the upper airways, gland secretion may contribute most of the secreted liquid, but adjustments performed by the surface epithelium via localized control mechanisms regulate an optimal PCL depth. It is clear, particularly from studies using primary cultures of upper airway cells, that the surface cells have the capacity to regulate PCL depth in the 6-to 10-mm range (Tarran 2004) . The factors influencing ASL properties in the lower airways are much less clear.
In CF, the absence or defective function of CFTR at the apical membranes compromises the formation of a sufficient PCL, and ENaCmediated Na absorption is enhanced. These defects result in the near absence of the low-viscosity fluid layer on which effective mucus clearance depends. This leads to the accumulation of mucus and bacteria, particularly Pseudomonas aeruginosa and other opportunistic infections that colonize airway surfaces and obstruct smaller airways and gland ducts caused by the loss of vehicle. This situation is further compromised by the loss of the innate immune substances present in their secretions.
Intestines
The secretion of salt and water by the small and large intestines is important for maintaining a semiliquid luminal environment that supports enzyme activities, the absorption of nutrients, and for optimal clearance of the luminal contents. The proximal small intestine is primarily involved in salt absorption and bicarbonate secretion, the latter to buffer gastric acid. Here, coupled Na/H and Cl/HCO3 exchangers account primarily for salt and water handling. In the more distal small intestine, CFTR is expressed primarily in the crypt cells as determined by in situ hybridization, immunofluorescence, and functional measurements, Figure 3 . Cartoon illustrating the impact of impaired airway secretion on mucociliary clearance. Contributions to the volume and composition of the airway surface liquid (ASL) emerge from the surface epithelium and submucosal glands. The surface epithelium of non-CF airways adjusts the depth of the periciliary liquid layer (PCL) to a level that enables ciliary beating and effective mucociliary clearance. In CF, the absence of sufficient CFTR function compromises salt and water secretion, PCL regulation, and mucus clearance from the surface epithelium and gland ducts. Mucus accumulation leads to infection, inflammation, and bronchiectasis. although high CFTR-expressing cells are evident on the villi (Ameen et al. 1995) . In the large intestine, CFTR is localized to the crypt epithelium. The model of Figure 1 applies to CFTRmediated anion secretion in the distal small intestine and colon, and the counterion Na moves through the paracellular pathway, as shown, in response to the favorable trans-epithelial lumen-negative voltage, as in airway cells.
In CF, insufficient anion secretion may lead to blockage of the intestinal lumen at birth by meconium as an early clinical symptom of the disease. Later in life, patients may experience chronic constipation, reflecting the continued lack of CFTR-mediated secretion. Mice without CFTR or expressing DF508 CFTR exhibit a more severe intestinal phenotype than CF patients, which is confirmed by compromised cAMP/ PKA stimulation of Cl transport in trans-epithelial measurements in vitro (Clarke et al. 1992; Grubb and Gabriel 1997) . On the other side of the coin, CFTR plays a key role in the amplified response observed in secretory diarrheas, such as those elicited by cholera toxin during infection with Vibrio cholerae or by heat-stable enterotoxin during infection with pathogenic Escherichia coli (Chao et al. 1994; Gabriel et al. 1994) . Small-molecule blockers of CFTR may prove valuable in treating these conditions (e.g., Thiagarajah et al. 2004) , because these toxins are ineffective in CF mice (Grubb and Gabriel 1997) .
Pancreas and Salivary Gland
CFTR is expressed in the duct cells of the exocrine pancreas and salivary glands by in situ hybridization and antibody labeling (Marino et al. 1991; Trezise and Buchwald 1991) . Evidence suggests also that CFTR is present in the salivary acini and in the intralobular cells of the pancreas, which extend into the acinar lumen. In these acinar regions, the expression level of CFTR appears to be lower than the corresponding ductal levels. The involvement of CFTR in formation of the primary secretory product by acinar or intralobular cells is supported by the actions of cAMP/PKA-dependent secretogogues, for example, secretin and adrenergic agonists. In the pancreatic duct, CFTR couples functionally to the anion exchangers SLC26A3 and SLC26A6 to generate NaHCO 3 secretion for alkalinizing the duodenal lumen (discussed under alternative anion transport, above). Together with the primary acinar secretion, these isotonic secretory products provide the vehicle for the delivery of pancreatic digestive enzymes to the duodenal lumen, and, physiologically, this process is similar for salivary clearance of mucins and enzymes (Zeng et al. 1997) .
In CF, most but not all CFTR mutations produce pancreatic insufficiency, making pancreatic function a biomarker for disease severity (Wilschanski and Durie 2007) . Patients could be grouped as pancreatic sufficient (PS) or insufficient (PI), based on whether they required replacement enzyme therapy, even before the CF gene was identified. Both PS and PI patients exhibit reduced fluid and anion secretion, with the secretory defect more pronounced in PI. Nevertheless, PS patients are prone to recurrent pancreatitis (see above). Failure of anion secretion results in duct or gland blockage by precipitated macromolecules, and the subsequent leakage of proteolytic enzymes, which destroys the exocrine parenchyma. Damage to the pancreas begins even in utero, when ductal obstruction leads to luminal dilation, atrophy, and fibrosis, and thus, cystic fibrosis of the pancreas. As patients age, pancreatic islets may also be lost with the development of CF-related diabetes.
CONCLUDING THOUGHTS
The loss of CFTR's ion channel function at the apical membranes of secretory epithelial cells leads to defects that are now conceptually understandable based on modifications of, or additions to, the basic model for secondary active Cl secretion that emerged in the 1970s (Fig. 1) . Disease pathology within the affected organ systems depends on the contribution of CFTR function to salt and water secretion, relative to the activity of other pathways. Its impact in different organ systems relates also to the locus of CFTR expression within the tissue and the developmental consequences of deficient CFTR. For example, it is estimated that as little as 20% impairment in Cl secretion is sufficient to produce obstructive degeneration of the vas deferens (Marcorelles et al. 2011 ), making its development particularly sensitive to CFTR expression. In the pancreas, 20% of normal CFTR function is required for pancreatic-sufficient CF disease. In the sweat gland, a 50% impairment of CFTR activity is not detectable as a change in sweat Cl, and relatively little CFTR activity produces a significant drop in sweat Cl. A broad variation in CFTR function is found amidst the more than 1700 reported mutations and polymorphisms in CFTR, and these can provide an indication of the relative amount of CFTR function needed for therapeutic benefit. It becomes increasingly clear that the core defect in CF disease is anion transport, making CFTR the prime target for therapeutic development.
